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(57) ABSTRACT

A device includes: a chip, which includes a oscillatable
cantilever with a first piezoelectric transducer for exciting
cantilever oscillation, wherein the first cantilever extends
into a cavity of the chip; a cantilever temperature sensor in
an end section of the cantilever; a second temperature sensor
spaced from the cantilever; a heating element located in the
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free end section of the cantilever and separated from the
second temperature sensor by at least one cavity section; and
an evaluation unit for determining density and viscosity as
well as thermal conductivity and specific heat capacity of a
gas mixture based respectively on oscillation characteristics
of the cantilever and measured values of gas temperature
from the cantilever temperature sensor, the second tempera-
ture sensor and a power consumption of the heating element.
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1
DEVICE FOR DETERMINING FIRSTLY A
HEAT CONDUCTIVITY AND/OR THE
SPECIFIC HEAT CAPACITY OF A GAS
MIXTURE, AND SECONDLY A DENSITY
AND/OR A VISCOSITY OF THE GAS
MIXTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is related to and claims the
priority benefit of German Patent Application No. 10 2020
118 341.0, filed on Jul. 10, 2020, German Patent Application
No. 10 2020 126 601 .4, filed Oct. 9, 2020, and International
Patent Application No. PCT/EP2021/066742, filed Jun. 21,
2021, the entire contents of which are incorporated herein by
reference.

TECHNICAL FIELD

The present disclosure relates to a device for determining,
firstly, a thermal conductivity and/or specific heat capacity
of a gas mixture and, secondly, a density and/or a viscosity
of the gas mixture.

BACKGROUND

Based on density and viscosity, via a correlation method,
the energy content or the Wobbe index of a combustible gas
can be determined, such as described, for example, in the
international publication WO 2017 063 795 Al. A micro-
system device for ascertaining the viscosity and the density
as well as a trace gas concentration, or the moisture, of a gas
is disclosed, for example, in the as yet unpublished patent
application DE 10 2019 123 874.9.

Based on the above mentioned parameters, density and
viscosity alone, however, the influence of hydrogen is insuf-
ficiently precisely taken into consideration. This is without
problem as long as hydrogen content in the investigated gas
mixtures is negligible. This condition is in the case of the
foreseeable increasing importance of hydrogen less fre-
quently satisfied. When, however, supplementally the ther-
mal conductivity of the gas mixture is ascertained, also the
hydrogen fraction can be correctly determined, such as is
described in the international publication WO 2018 082 875
Al. A system for ascertaining the density of a gas mixture
with a vibronic sensor and other parameters of the gas
mixture, among these also the thermal conductivity, using
external sensors is disclosed in the publication WO 2017 131
670 Al. The system described there has, however, a large
space requirement and is too expensive for a large number
of applications. It is, therefore, an object of the invention to
provide a remedy in such case.

SUMMARY

The object is achieved by the device according to the
present disclosure.

The device of the invention for determining, firstly, a
thermal conductivity and/or specific heat capacity of a gas
mixture and, secondly, a density and/or a viscosity of the gas
mixture comprises: a chip prepared from a semiconductor
wafer, especially an SOI wafer, and containing at least a first
oscillatable cantilever with a first piezoelectric transducer,
which serves for exciting an oscillation of the cantilever
with a first frequency, wherein the chip has a cavity, into
which the first cantilever extends with an oscillatable free
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end section; at least a first cantilever side temperature sensor
element embodied in the free end section of the first canti-
lever and having a temperature-dependent resistance value
for registering temperature of the gas mixture; at least a
second temperature sensor element arranged spaced from
the first cantilever and having a temperature-dependent
resistance value for registering temperature of the gas mix-
ture; at least a first heating element embodied in the free end
section of the cantilever, wherein at least one section of the
cavity extends between the first heating element and the
second temperature sensor element; and an evaluation and/
or computer unit, which is adapted, based on the oscillation
characteristics of the cantilever, to determine the density and
viscosity of the gas mixture, and, based on measured values
of temperature of the first cantilever side temperature sensor
element and the second temperature sensor element as well
as the power consumption of the heating element, to deter-
mine the thermal conductivity and/or specific heat capacity
of the gas mixture.

The determination of two thermophysical variables, thus,
both the thermal conductivity as well as also specific heat
capacity, provides, on the one hand, a certain redundancy in
the determining of the heating value and, therewith, an
increased reliability. Fundamentally, there is provided there-
with in the case of determining the composition of binary,
ternary or quaternary gas mixtures more information on the
involved gases and their concentrations compared with the
method described in WO 2018 082 875 Al, this in turn
enabling a more exact determining of the gas composition.

In a further development of the invention, the chip
includes a second oscillatable cantilever with a second
piezoelectric transducer, which serves for exciting an oscil-
lation with a second frequency, wherein the second cantile-
ver extends with an oscillatable free end section into the
cavity and can be exposed to the gas mixture.

In a further development of the invention, a second
heating element is arranged in the free end section of the
second cantilever.

The cavity, into which the cantilevers extend, can com-
prise, for example, a rectangle with edge lengths no longer
than 2 mm, especially no longer than 1 mm, wherein the
cantilevers extend with a length of some 100 um, for
example, 300 um to 500 um, into the cavity, wherein the
longitudinal axes of the cantilevers have a separation from
one another of some 10s to, for example, 20 10s or 200 pm.
The cantilevers can especially extend into the cavity from
opposite sides of the cavity. The heating and temperature
sensor elements of the different cantilevers can, for example,
be sectioned by a shared transverse plane, which extends
perpendicularly to the cantilever longitudinal axes. This
means that the relevant thermal coupling between the heat
and temperature sensor elements of different cantilevers is
by way of the gas mixture. Since the separation is very
small, the time scales for the heat transport between heat and
temperature sensor elements are correspondingly short, this
in turn enabling a quick reaction time of the measuring
arrangement to a change of the composition of the gas
mixture.

In a further development of the invention, a second
cantilever side temperature sensor element for registering
temperature of the gas mixture with a temperature-depen-
dent resistance value is arranged in the free end section of
the second cantilever.

In a further development of the invention, the chip
includes an edge region, which surrounds the cavity,
wherein a reference temperature sensor element is arranged
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in the edge region, wherein at least one section of the cavity
extends between the reference temperature sensor element
and the free end sections.

According to another development of the invention, the
piezoelectric transducers of the cantilevers are arranged, in
each case, between the section of the edge region, where the
cantilever is connected with the chip, and the cantilever side
temperature sensor element, or heating element.

In a further development of the invention, the evaluation
and/or computer unit is adapted to use temperature measured
values of the reference temperature sensor element as tem-
perature measured values of the second temperature sensor
element.

In a further development of the invention, the evaluation
and/or computer unit is adapted to use temperature measured
values of the second cantilever side temperature sensor
element as temperature measured values of the second
temperature sensor element.

In a further development of the invention, the evaluation
and/or computer unit is adapted to determine the thermal
conductivity of the gas mixture in steady state or in a
transient method.

An example of determining thermal conductivity in
steady state is described, for example, in product informa-
tion of the XEN-SP3880 of the firm, Xensor.

A determining of the thermal conductivity in a transient
method is described, for example, in Woodfield et al., Int. J.
Thermophysics (2008) 29: 1299-1320 and in Gustafsson et
al., 1979, Transient hot-strip method for simultaneously
measuring thermal conductivity and thermal diffusivity of
solids and fluids. Journal of Physics D: Applied.

A thermal conductivity measurement basically assumes
negligible relative movement between the medium and the
measuring arrangement. In the present measuring arrange-
ments, however, at least one heating element involved in the
measurement and one temperature sensor element involved
in the measurement are arranged on an oscillatable cantile-
ver. The heat transport must travel through a shear wave as
the cantilever oscillates. The extent of this disturbance of the
measurement corresponds to the penetration depth of the
shear wave into the gas mixture. This can be estimated with
the thickness & of the viscous boundary layer according to

wherein 1 and p are, respectively, dynamic viscosity and
density of the medium, and f is the oscillation fre-
quency of the cantilever. In the case of frequencies in
the range from 10 kHz to 100 kHz and pressure
between 0.1 MPa and 1 Mpa, penetration depths
between some few pm and, for instance, 100 pm result,
for example, for gases from a list comprising Ar, N2,
CH4, CO2, He, and H2. Depending on separation
between the heat and temperature sensor elements in
the thermal conductivity measurement, the penetration
depths can, consequently, be disregarded or not. When
the penetration depth amounts, for example, to less than
1% of the separations, sufficiently exact results are
possible, so that the thermal conductivity measurement
can be performed in the case of oscillating cantilever.
When, in contrast, the penetration depth amounts to
10% of the separation or more, it can, depending on
accuracy requirement, be appropriate to perform the
thermal conductivity measurement in oscillation pauses
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with resting cantilever. Furthermore, the influence of
the oscillations in the case of thermal conductivity
measurement can be ascertained by performing the
measuring of the thermal conductivity with oscillating
cantilever and then with resting cantilever, wherein,
from the deviations between the results of measure-
ment, correction values be ascertained, with which then
preliminary results of a thermal conductivity measure-
ment in the case of oscillating cantilever can be cor-
rected. The correction values can be ascertained, for
example, in the context of a factory calibration and, in
given cases, described by a corresponding model.
Equal procedures can be followed in the ongoing
measurement operation, periodically or result-con-
trolled, for example, after establishing a change of the
gas composition based on the measured values for
density, viscosity and thermal conductivity.

In a further development of the invention, the evaluation
and/or computer unit is adapted to ascertain specific heat
capacity of the gas mixture in a method using variable
heating power in the first heating element, wherein tempera-
ture as a function of time for the second temperature sensor
element is evaluated in reaction to the heating power as a
function of time for the first heating element, in order to
ascertain a product of specific heat capacity and density of
the gas mixture. Methods for ascertaining specific heat
capacity are basically known and are described, for example,
in the above mentioned articles of Woodfield et al. and
Gustafsson et al.

In a first embodiment of this additional development of
the invention, a method step is provided for evaluating the
step function response of the second temperature sensor
element to a heating power step function of the first heating
element.

In a second embodiment of this additional development of
the invention, temperature as a function of time for the
second temperature sensor element is evaluated as regards
phase and amplitude in reaction to a harmonic exciting of the
first heating element.

In a further development of the invention, the evaluation
and/or computer unit is adapted to determine specific heat
capacity by means of division of the product by the density
ascertained based on the oscillation frequency of one of the
cantilevers.

In a further development of the device of the invention, at
least one cantilever includes a functionalized surface for
selective adsorption of a component, especially water, of a
gas mixture surrounding the device, wherein the evaluation
and/or computer unit is adapted, furthermore, to influence
the amount of the adsorbed component by means of the
heating element of the cantilever and based on the measured
frequency of the oscillating cantilever compared with at
least one reference frequency to ascertain the amount of the
adsorbed component.

In a further development of the invention, the at least one
reference frequency comprises a frequency of the cantilever
in the case of complete desorption of the component and/or
the frequency of a non-functionalized cantilever.

In a further development of the invention, the chip has a
function-dependent, structured layer sequence, which is
prepared on the SOI substrate having an oxide layer, an
adhesion-promoting layer, a first electrode layer; a piezo-
electric layer, a second electrode layer and a passivation
layer, wherein the piezoelectric transducer or the piezoelec-
tric transducer regions comprises, or comprise, the two
electrode layers and the piezoelectric layer, wherein the
temperature sensor elements are formed, in each case, by
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structuring a region of an electrode layer, especially the first
electrode layer, wherein the first heating element, or the
heating elements, is/are formed, in each case, by structuring
a region of one of the electrode layers, especially the second
electrode layer, wherein the adhesion-promoting layer and
the piezoelectric layer include especially aluminum nitride,
wherein the first and the second electrode layers include
especially platinum, and wherein the passivation layer
includes especially aluminum oxide. The method steps for
preparing and structuring this layer sequence are described
in the as yet unpublished patent application DE 10 2019 123
874.9. The passivation layer not mentioned there can be
prepared, for example, by means of ALD (atomic layer
deposition).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic longitudinal section of a
cantilever of an example of an embodiment of a device of
the present disclosure;

FIG. 2 shows a plan view of a chip of a first embodiment
of a device of the present disclosure;

FIG. 3 shows a plan view of a chip of a second embodi-
ment of a device of the present disclosure; and

FIG. 4 shows a schematic longitudinal view of an
example of an embodiment of an apparatus of the present
disclosure.

DETAILED DESCRIPTION

FIG. 1 shows in longitudinal section a layer structure of
a single cantilever 20 of a chip of a device of the invention,
wherein the layer structure is prepared and structured pref-
erably on one undivided wafer, before the wafer is separated
into individual chips. For example, an SOI wafer (SOI
stands for silicon-on-insulator) can serve as basis for pro-
duction of the cantilever 20. Such an SOI wafer includes a
thin silicon layer 10c¢ of thickness, for example, 3 to 5 um,
which is separated from a silicon substrate 10a by an
insulating layer 105, for example, SiO,. Applied on the thin
silicon layer 10c¢ is an insulating layer 10d4. The insulating
layer 104 can be, for example, a silicon oxide layer, which
is preferably formed on the thin silicon layer 10c¢ via a wet
oxidation step. Optionally applied on the insulating layer
104 in a next manufacturing step is an adhesion-promoting
layer 10e. The adhesion-promoting layer 10e can comprise,
for example, aluminum nitride (AIN), which is preferably
applied with a layer thickness of less than 50 nm.

Applied on the adhesion-promoting layer 10e is the
piezoelectric transducer 30. The piezoelectric transducer 30
includes regions of a layer sequence of a first electrically
conductive electrode layer 10f, which is applied on the
adhesion-promoting layer 10e, a piezoelectric layer 10g,
which is applied with a thickness of some 100 nm, for
example, 500 nm, on the first electrode layer 10f, and a
second electrode layer 10/, which is applied on the piezo-
electric layer 10g. The electrode layers 10f, 10/ can com-
prise platinum, for example, wherein the first electrode layer
101 has, for example, a thickness of, for instance, 20 to 30
nm, while the second electrode layer 10/ has a thickness of,
for instance, 150 to 250 nm. This layer structure is typical for
the cantilever of the chips of the device of the invention.

Prepared on the free end of the cantilever element 20 in
the two electrode layers 10f, 1042 are yet a temperature
sensor element 42 and a heating element 44. Such can occur,
for example, by a lift-off process. Preferably, the electrode
layers are, in such case, so structured that they have meander
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shaped structures as temperature sensor element, and heat-
ing element, wherein the heating element has a resistance of
a few 100 ohm, while the resistance of the temperature
sensor element amounts to 1 to 2 kiloohm. The length of the
cantilever amounts to, for example, 300 to 500 um, such that
oscillation frequencies in the order of magnitude of 20 to 80
kHz result.

The temperature sensor element 42 and the heating ele-
ment 44 are referred to together as thermal function block
40, which is separated from the piezoelectric transducer by
an isolation groove having a width of some um.

The entire surface of the chip is coated with a passivation
layer 107 of aluminum oxide having a thickness of some 10
nm, for example, in an ALD process.

Optionally, a selectively adsorbing layer 10; can yet be
deposited on the thermal function block above the passiva-
tion layer 10i, for example, a hygroscopic layer, such as a
hydrogel, a zeolite or a silica gel. By influencing tempera-
ture with the heating element 44, the adsorption, or desorp-
tion, of a component can be controlled, wherein the
adsorbed amount is ascertainable via the oscillation fre-
quency of the cantilever.

For increasing sensitivity, the adsorbing layer 10; can also
be deposited on the piezoelectric transducer 30, wherein
then preferably also the region of the second electrode layer
10/, which forms an electrode of the piezoelectric trans-
ducer 30, is structured as heating element.

FIG. 2 shows a plan view of a chip 10, whose cantilever
20 is shown in FIG. 1. Cantilever 20 is freed by preparing
a cavity 11, by means of DRIE. The temperature sensor
element of the thermal function block 40 is contacted via a
first conductive trace pair 12 prepared in the first electrode
layer. The heating element of the thermal function block 40
is contacted via a second conductive trace pair 14 prepared
in the second electrode layer. The electrodes of the piezo-
electric transducer 30 are contacted via a third conductive
trace pair 16, which has, in each case, one conductive trace
in one electrode layer. A reference temperature sensor ele-
ment 50 in the edge region 22 of the chip 10 and the fourth
conductive trace pair 52 contacting it are prepared in the first
electrode layer.

FIG. 3 shows a plan view of a chip 110, whose cantilevers
120, 220 are freed by preparing a cavity 111 by means of
DRIE. The cantilevers have, in each case, a thermal function
block 140, 240 and a piezoelectric transducer 130, 230. For
the first cantilever 120, the following contacting schema is
applied: The first temperature sensor element of the first
thermal function block 140 is contacted via a first conduc-
tive trace pair 112 prepared in the first electrode layer. The
heating element of the thermal function block 140 is con-
tacted via a second conductive trace pair 114 prepared in the
second electrode layer. The electrodes of the first piezoelec-
tric transducer 130 are contacted via a third conductive trace
pair 116, which has, in each case, one conductive trace in
one electrode layer. For the second cantilever 220, the
following contacting schema is applied: The second tem-
perature sensor element of the second thermal function
block 240 is contacted via a first conductive trace pair 212
prepared in the first electrode layer. The electrodes of the
first piezoelectric transducer 230 are contacted via a third
conductive trace pair 216, which, in each case, has one
conductive trace in one electrode layer. A reference tem-
perature sensor element 150 in the edge region 122 of the
chip 110 and its contacting fourth conductive trace pair 152
are prepared from the first electrode layer.

FIG. 4 shows a typical construction of an example of an
embodiment of the apparatus 1 of the invention connected to
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a pipeline 70, in order to analyze a gas mixture conveyed in
the pipeline. Apparatus 1 comprises the above described
chip 10, which is arranged in a sample chamber 62, which
communicates with the pipeline 70 via connection lines 64,
66, wherein between connection points of the connection
lines to the pipeline 70 there is arranged in the pipeline a
diaphragm 72, which in the case of a volume flow through
the pipeline effects a pressure gradient, which, in turn,
effects a volume flow through the sample chamber 62, such
that the chip is supplied always with a current, representative
sample of the gas mixture. apparatus 1 includes, addition-
ally, an evaluation and/or computer unit 60, to which the
chip 10 is connected, and which is adapted, based on the
oscillation characteristics of the at least one cantilever, to
determine the density and viscosity of the gas mixture, and
based on measured values of temperature of the first canti-
lever side temperature sensor element and the second tem-
perature sensor element; as well as the power consumption
of the heating element, to determine the thermal conductiv-
ity and/or specific heat capacity of the gas mixture. When a
cantilever includes a functionalized surface, it is also pos-
sible to determine specifically the concentration of a com-
ponent.

The special advantage of the invention lies especially
therein that the thermal function blocks with temperature
sensor and heating elements are so positioned relative to one
another on the freely oscillating ends of oscillatable canti-
lever elements that a reliable measurement of the thermo-
physical parameters, such as thermal conductivity and heat
capacity, of a gas mixture, which surrounds the cantilever, is
possible with great accuracy. Since the mechanical proper-
ties of the gas mixture, thus, density and viscosity, are
measured via oscillation frequency and oscillation damping
of the oscillations of the same cantilever elements and thus
practically at the same site, the various measurement data
come from the identical sample in practically the same
thermodynamic state. This enables highly accurate measur-
ing with extremely small effort. Therewith, especially the
method according to WO 2018 082 875 Al can be imple-
mented yet more exactly and cost effectively. Equally, the
methods for measuring the thermal conductivity, and spe-
cific heat capacity, according to Woodfield et al. or Gustafs-
son et al., can be performed with significantly reduced effort.
For the procedures for moisture measurement and determin-
ing concentration by adsorption of a component, reference is
made to the as yet unpublished patent application DE 10
2019 123 874.9.

The invention claimed is:

1. A device for determining a thermal conductivity and/or
a specific heat capacity of a gas mixture and a density and/or
a viscosity of the gas mixture, the device comprising:

a chip prepared from a semiconductor wafer, the chip
comprising an oscillatable first cantilever with a first
piezoelectric transducer, which is configured to excite
an oscillation of the first cantilever with a first fre-
quency, wherein the chip includes a cavity, into which
the first cantilever extends at an oscillatable free end
section of the cantilever;

a first cantilever temperature sensor element adapted to
measure a temperature of the gas mixture, having a
temperature-dependent first resistance value, and dis-
posed in the free end section of the first cantilever;

a second temperature sensor element arranged spaced
from the first cantilever and having a temperature-
dependent second resistance value adapted to measure
the temperature of the gas mixture;
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a first heating element disposed in the free end section of
the first cantilever, wherein at least one portion of the
cavity extends between the first heating element and the
second temperature sensor element; and

an evaluation and/or computer unit, which is configured,
based on oscillation characteristics of the first cantile-
ver, to determine the density and viscosity of the gas
mixture and, based on measured values of the tempera-
ture from the first cantilever temperature sensor ele-
ment, the second temperature sensor element and a
power consumption of the first heating element, to
determine the thermal conductivity and/or specific heat
capacity of the gas mixture.

2. The device of claim 1, wherein the chip is prepared

from a silicon-on-insulator (SOI) wafer.

3. The device of claim 1, wherein the chip includes an
oscillatable second cantilever with a second piezoelectric
transducer, which is configured to excite an oscillation of the
second cantilever with a second frequency, wherein the
second cantilever extends at an oscillatable free end section
into the cavity and can be exposed to the gas mixture.

4. The device of claim 3, further comprising a second
cantilever temperature sensor element adapted to measure
the temperature of the gas mixture, having a temperature-
dependent third resistance value, and disposed in the free
end section of the second cantilever.

5. The device of claim 3, further comprising a second
heating element disposed in the free end section of the
second cantilever.

6. The device of claim 1, wherein the chip defines an edge
region, which surrounds the cavity, wherein in the edge
region a reference temperature sensor element is disposed,
wherein at least one section of the cavity extends between
the reference temperature sensor element and the free end
section of the cantilever.

7. The device of claim 6, wherein the evaluation and/or
computer unit is adapted to use temperature measured values
of the reference temperature sensor element as temperature
measured values of the second temperature sensor element.

8. The device of claim 4, wherein the evaluation and/or
computer unit is configured to use temperature measured
values of the second cantilever temperature sensor element
as temperature measured values of the second temperature
sensor element.

9. The device of claim 1, wherein the evaluation and/or
computer unit is adapted to determine the thermal conduc-
tivity of the gas mixture in steady state or in a transient
method.

10. The device of claim 1, wherein the evaluation and/or
computer unit is configured to determine the specific heat
capacity of the gas mixture in a method with variable
temperature of the first heating element, wherein tempera-
ture as a function of time is evaluated for the second
temperature sensor element in reaction to temperature as a
function of time for the first heating element as to ascertain
a product of specific heat capacity and density of the gas
mixture.

11. The device of claim 10, wherein in the method a step
function response of the second temperature sensor element
to a temperature step function of the first heating element is
evaluated.

12. The device of claim 10, wherein temperature as a
function of time for the second temperature sensor element
is evaluated, including phase and amplitude, in reaction to a
harmonic exciting of the first heating element.

13. The device of claim 10, wherein the evaluation and/or
computer unit is adapted to determine specific heat capacity
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by division of the product by the density ascertained based
on the oscillation frequency of the first cantilever.

14. The device of claim 1, wherein the first cantilever
includes a functionalized surface for selective adsorption of
a component of the gas mixture surrounding the device,
wherein the evaluation and/or computer unit is adapted to
influence the amount of the adsorbed component via the first
heating element and, based on a measured frequency of the
oscillating first cantilever relative to at least one reference
frequency, to determine the amount of the adsorbed com-
ponent.

15. The device of claim 14, wherein the selectively
adsorbed component is water.

16. The device of claim 14, wherein the at least one
reference frequency comprises a frequency of the first
cantilever in a state of complete desorption of the selectively
adsorbed component and/or a frequency of a non-function-
alized cantilever.
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17. The device of claim 1, wherein:

the chip has a function-dependent, structured layer
sequence, which is prepared on the semiconductor
wafer comprising an oxide layer, an adhesion-promot-
ing layer, a first electrode layer, a piezoelectric layer, a
second electrode layer and a passivation layer;

the piezoelectric transducer or the piezoelectric trans-
ducer regions comprise the first and second electrode
layers and the piezoelectric layer;

the first cantilever temperature sensor element and the
second temperature sensor element are each formed by
structuring a region of one of the first and second
electrode layers;

the first heating element is formed by structuring a region
of the other of the first and second electrode layers;

the adhesion-promoting layer and the piezoelectric layer
each include aluminum nitride;

the first and the second electrode layers each include
platinum; and

the passivation layer includes aluminum oxide.
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